The complementary optical properties of surface plasmon excitations of metal nanostructures and longlived excitations of semiconductor quantum dots (QDs) make them excellent candidates for studies of optical coupling at the nanoscale level. Plasmonic devices confine light to nanometer-sized regions of space, which turns them into effective cavities for quantum emitters. QDs possess large oscillator strengths and high photostability, making them useful for studies down to the single-particle level. Depending on structure and energy scales, QD excitons and surface plasmons (SPs) can couple either weakly or strongly, resulting in different unique optical properties. While in the weak coupling regime plasmonic cavities (PCs) mostly enhance the radiative rate of an emitter, in the strong coupling regime the energy level of the two systems mix together, forming coupled matter-light states. The interaction of QD excitons with PCs has been widely investigated experimentally as well as theoretically, with an eye on potential applications ranging from sensing to quantum information technology. In this review we provide a comprehensive introduction to this exciting field of current research, and an overview of studies of QD-plasmon systems in the weak and strong coupling regimes.
Introduction
Plasmonics is a highly vibrant field of research at the boundary of optics and condensed matter physics. It provides a way to tune the properties of light by confining it to the regions below the diffraction limit [1] . The confinement of light at nanoscale dimensions is achieved through surface plasmon polaritons (SPPs), which are quasiparticles formed at the interface of a metal and a dielectric when light is coupled to the electron oscillations in the metal [1] [2] [3] . In extended structures (whose dimensions are larger than the wavelength of light) SPPs form propagating waves, but in finite-size nanostructures (nanospheres, disks, cones, etc.), the SPPs are localized in space and are therefore often called localized surface plasmons (LSPs). In SPPs or LSPs, the spatial variation of the charge density is much smaller than the wavelength of the light and hence they confine the light into regions far below the diffraction limit. This deep sub-wavelength confinement of light allows using plasmonic particles to operate as nanometric equivalents of antennas [4] or cavities [5] , a realization that opened up a new frontier in the study of fundamental physics of light-matter interaction. In particular, the optical coupling of light to quantum emitters such as molecules and semiconductor nanocrystals quantum dots (QDs) has been tuned from the weak to the strong regime using plasmonic cavities (PCs). This has offered new opportunities for quantum control of light, application in quantum information processing and realizations of quantum devices such as single photon sources [6] , transistors [7] and ultra-compact circuitry at the nanoscale. For fundamental studies of light-matter interaction, QDs carry an advantage over molecules due to their broad absorption spectrum, relatively narrow emission bands, and bright and stable photoluminescence (PL). Further, these properties of QDs can be tailored by changing their sizes and shapes.
It is therefore not surprising that an increasing number of experimental and theoretical studies has focused on composite QD-plasmon systems. In this review, we analyze these studies and provide some general context to understand their impact. The use of molecules as quantum emitters coupled with plasmons has been reviewed recently in a few articles, and we refer the interested reader to these references [8] [9] [10] [11] [12] . We start with a brief introduction to QD photophysics (Section 2), and then discuss the optical properties of the electromagnetic (EM) fields associated with PCs (Section 3). In Section 4 we discuss the underlying physics of composite QD-PC systems in which the QD is coupled to the PC and interacts with its confined EM fields. We describe in detail two coupling regimes, weak and strong coupling, each yielding different and unique optical properties. Sections 5 and 6 provide an overview of the wide range of research activities involving the study of composite QD-PC structures in these two regimes.
The photophysics of quantum dots
QDs, sometimes referred to as "artificial atoms", are very small semiconductor particles, only several nanometers in size. They are prepared in solution using colloidal chemistry and possess unique optical and electronic properties. The spectroscopic features of QDs involve transitions between discrete, three-dimensional (3D) particlein-a-box states of both electrons and holes. This makes them very interesting and attractive solid-state quantum emitters.
To understand the photophysics of a QD, consider its interaction with light. When the QD absorbs a photon, an electron is excited from its valence band to the conduction band, creating a hole in the former. The electron-hole pair forms a new quasiparticle called an exciton, bound together by Coulomb interaction in a similar fashion to the hydrogen atom. In the simplest picture of the exciton in a bulk semiconductor, the electron and hole orbit each other at a distance (called the Bohr radius) that depends on the material. When the size of a semiconductor material is decreased below its "natural" Bohr radius, the electron and hole are effectively confined, making the exciton energy larger than in the bulk material and dependent on size [13, 14] . The ability to tune the spectroscopic features of QDs through their sizes has proven to be of huge importance for multiple applications [15] [16] [17] [18] [19] .
A QD can be excited at essentially any energy larger than its band gap, which leads to a broad absorption band. The electron-hole pair is not a stationary state. Absorption is first followed by non-radiative electron relaxation to the lowest energy level in the valence band. A recombination of the electron and hole leads to spontaneous emission, which competes with nonradiative decay channels.
Usually, the radiative lifetime is of the order of 10-50 ns and depends on size and material of the QD [20] .
QDs are made from various semiconducting materials and exhibit optical emission at frequencies ranging from the ultraviolet to the near infrared region of the electromagnetic spectrum [19, [21] [22] [23] . Core-shell QDs exhibit unique optical properties that stem from their composition: a semiconductor material core, passivated by a coating, or a shell, also of a semiconductor material, but usually of a higher bandgap [24, 25] . This protects the QD from degradation of its optical properties resulting from aggregation and oxidation and leads to enhancement of the PL quantum yield of the core emission. Core-shell QDs can be up to 20 times brighter and 100 times more stable than organic dye molecules [26] . These QDs have also a relatively large dipole moment, corresponding to a strong oscillator strength. The typical dipole moment of fluorescent molecules is ~1D (Debye), while for QDs it can be 10 times larger.
Interestingly, QDs can sustain multiexcitonic states, such as a trion (a charged state consisting of an exciton plus an electron), a biexciton (BX) or even a triexciton (TX) involving Coulomb interaction between excitons [27, 28] . Some of these states are demonstrated in Figure 1A . In the emission process, multiple photons can be emitted through a cascade of emission from the BX or TX to the ground state via the single exciton state (SX). Some of the multiexciton energy levels are optically inactive ("dark"), while other are optically active ("bright") due to their spin orientations. Although the bright exciton is preferred for optical sensing and emission, dark excitons have received growing attention for their possible use in spin storage and as qubits [29] .
The mentioned properties make QDs promising candidates for applications in nanophotonics and quantum optics [30] . They can serve as alternatives to organic dyes that are characterized by relatively fast photobleaching, low emission intensity and narrow absorption bands. However, despite their many advantages, QDs have two drawbacks that should be considered. Their large sizes compared to organic molecules limit the minimum size of optical cavities into which they can be inserted, and their intermittent on/off behavior ("blinking") can complicate ultrasensitive measurements.
Plasmonic cavities
Optical cavities confine light to a small volume. Placing an emitter, such as a QD, within this volume enables the study of light-matter interaction. Dielectric cavities made of mirrors, whispering gallery resonators, pillar structures or photonic crystals have been extensively used to study quantum optical phenomena [31, 32] . In this review we stress the corrolaries between such cavities and PCs, in which EM fields are confined to the vicinity of a metallic surface. In the current section, we will discuss the basic physics of PCs and their optical properties. Later, in Section 4, we will find that these properties can make PCs good alternatives to dielectric cavities for probing lightmatter interaction.
As mentioned earlier, SPPs can be confined to transverse dimensions much smaller than possible with conventional optics. The electromagnetic field of a SPP at a dielectric-metal interface is obtained from the solution of Maxwell's equations in each medium combined with the associated boundary conditions. A classical result is that light in free space cannot be used for excitation of SPPs. Coupling of photons into SPPs can be achieved using a coupling medium such as a prism, a grating or a nanostructure to match the photon and SPP wave vectors [1, 33] .
The field associated with an SPP is an evanescent wave that decays exponentially into the surrounding medium ( Figure 1B) . The decay length into a dielectric is ~ λ/2n where n is the refractive index of the dielectric. The decay length into most metals of interest in the visible spectral range is significantly shorter, typically ~20 nm [34] . The lifetime of SPPs is on the sub-picosecond (ps) timescale. The exact decay rate strongly depends on the material and irradiation parameters. For instance, at the air-Ag interface, at 400 nm the plasmon decay time amounts to a few tens of femtoseconds (fs), while at 800 nm it is about 1 ps [35] . SPPs can be further geometrically confined to create LSPs. Excitation of LSP modes of a metal nanoparticle can only occur when the size of the particle is much smaller than the wavelength of the incident light. When light interacts with a metallic nanosphere, it drives the free electrons into oscillation at the same frequency of the field and induces a dipole moment inside the sphere ( Figure 1C) . The LSP spectral resonance and the shape of the extinction spectrum depend on nanoparticle composition, size and shape as well as on the local dielectric environment ( Figure 1D ) [36, 37] . At the resonance frequency, ω c , the nanoparticle confines the electric field to its surface, with an amplitude that is much larger than that of the incident field, effectively turning the particle into a "cavity". Examples of calculated localized enhanced fields in plasmonic structures are shown in Figure 2A and B. The damping rate of the LSP, γ (i.e. the inverse of the LSP lifetime), determines the width of the resonance. It depends on the metal and the nanoparticle size and is typically within the range of 10
13
-10 14 Hz. There are several damping mechanisms for SPs and these have been discussed comprehensively in the literature [38] [39] [40] [41] . The quality factor of an LSP resonance, Q, is defined as the ratio of the resonant frequency to the
and determines the degree of losses in the PC and how efficiently it stores the plasmon energy. Due to their high losses, typical PCs have low quality factors (far below those of dielectric cavities). The strong amplitude of the confined LSP field has been found useful for various applications, such as: surface enhanced Raman scattering (SERS) [42, 43] surface enhanced spectroscopies [44] and photochemistry [45] , in addition to the weak and strong coupling studies discussed below. The lowest frequency LSP resonance of a metallic nanostructure is dipolar in nature. Beyond dipolar excitations, there exists a rich structure of higher-order LSP modes. However, these modes, which are characterized by higher frequencies, are usually optically inactive and therefore are difficult to detect and excite ("dark modes"). They can be observed by various near-field techniques [46] [47] [48] .
When two metallic nanoparticles come close together to form a dimer, a gap is formed and the surface charge densities of the two nanoparticles interact very strongly [12, 49] . The dipolar SP modes of the two nanoparticles hybridize to form two distinct collective modes, known as the lowenergy "bonding" mode and the higher-energy "antibonding" mode. Higher order multipoles can also contribute to this interaction and coupling between them leads to various hybridized states. The gap between the two nanoparticles, commonly termed a "hotspot", sustains a very large field enhancement. Specifically, when two prisms come close to form a bowtie, a dramatic field enhancement is obtained in the gap that can reach ~100-fold (Figure 2A, B) . In fact, the junction between any arrangement of nanoparticles such as dimers, trimers or higher-order aggregates, can give rise to highly intense and localized fields. This property of "hotspots" is exploited in SERS, where the chemical signature of a single molecule can be observed. This electromagnetic focusing effect in a strongly coupled plasmonic system makes the "hotspot" a desired cavity suitable for the study of light-matter interaction.
The exciton-plasmon composite system: background
In this section we will overview the underlying physics of a composite system comprising an emitter embedded in or near a plasmonic structure.
Consider an emitter, characterized as a two level system with a ground state |g > and an excited state |e >, a transition frequency ω eg , a transition dipole moment eg µ (which translates into an oscillator strength f) and a spontaneous emission rate Γ. The emitter is placed inside a cavity characterized by resonance frequency ω c and a damping rate γ, corresponding to a quality factor Q already introduced. The strength of the coupling between the emitter and the cavity, g, is related to the rate of energy transfer between the two and can be written as follows:
Here, E is the electric field within the cavity, ε 0 is the permittivity of vacuum and ε r is the relative permittivity. V eff is the effective mode volume of the electric field and encodes the spatial extent of the localized density of states (LDOS). Smaller mode volumes lead to larger LDOS values and stronger cavity-emitter coupling strengths. When N emitters are introduced in the cavity, the coupling strength becomes N larger [50] .
In the weak coupling regime, the eigenstates of the coupled system are the same as those of the uncoupled system, but the PL of the QD may change significantly through the well-known Purcell effect (Section 5). In the strong coupling regime, the interaction is strong enough so that not only the spontaneous emission rate is modified but also are the energy levels of the system. The excited quantum emitters and the electromagnetic modes in the cavity reversibly and coherently exchange energy with a fast exchange rate g before any loss occurs. The energy levels of the hybrid system are very different from those of the quantum emitter and the electric field separately. This leads to a splitting in the cavity spectral response, known as Rabi splitting (see Section 6).
The transfer from weak to strong coupling can be achieved either by increasing the coupling strength g or by decreasing the decay rates of the cavity and the emitter. g can be increased by enhancing the oscillator strength of the emitter, enhancing the electric field in the cavity, or decreasing the effective mode volume. The emission rate Γ depends on the identity of the emitter and can often be reduced at low temperatures. The cavity decay rate γ can be decreased by reducing cavity losses, i.e. increasing the cavity Q. For achieving strong coupling with a single QD, a very low mode volume or very small losses are required. An ensemble of QDs generates a larger effective dipole moment, making it easier to achieve the strong coupling regime as has been demonstrated in a few experiments to be discussed in Section 6.
Dielectric cavities are characterized by relatively large mode volumes (0.1 μm ), limited by the wavelength of light. However, in order to achieve strong coupling, they can be constructed with extremely high Qs (~10 4 ), which requires pumping them with light sources of ultra-narrow linewidth and operating at cryogenic temperatures. PCs have rather modest Qs, of the order of ~10-20, but their mode volumes can be much smaller than the diffraction limit. They can therefore reach the strong coupling limit even at room temperature and using light sources of modest linewidth.
In the following sections, we will discuss in greater detail the physical mechanisms operative in each coupling regime, while focusing on theoretical and experimental results achieved with QD-PC systems.
The weak coupling regime

Underlying physics
When an emitter is weakly coupled to a PC, its PL is modified in multiple ways [51] [52] [53] [54] , which may include reshaping of its spectrum and polarization, intensity enhancement or quenching, modulation of radiative and non-radiative decay rates, changes in blinking behavior and more. In this regime, the wave functions of the plasmons and excitons are unperturbed by the interaction. Plasmon-enhanced fluorescence was first explored in conjunction with studies of surface-enhanced Raman spectroscopy in the 1970s and 1980s [55] . Already at that time, semiclassical models were developed to describe surface-enhanced fluorescence (SEF) based on the electromagnetic coupling of dipole emitters with plasmon modes [56, 57] . In recent years, the interest in studying SEF has significantly grown, as has the ability to judiciously control various aspects of the phenomenon.
One of the most well-known effects studied in the weak coupling regime is the modification of the spontaneous emission rate of an emitter, which was computed by Purcell in the case of a single-mode cavity [58] . He attributed the enhancement of the spontaneous emission of a quantum emitter within a cavity to the increased local density of states compared to free space. As the emission rate of a quantum emitter is linearly proportional to the LDOS, the presence of a cavity directly enhances it. The Purcell factor, F p , is defined as the ratio of the spontaneous emission rate in a cavity, Γ c , to the emission rate in free space, Γ 0 :
Here, n is the refractive index within the cavity and c is the speed of light. The Purcell factor is readily seen to be proportional to the square of the coupling strength, g (compare equation 1). As noted in the previous section, although dielectric cavities are characterized by high Q values, their mode volumes are relatively large, making it challenging to obtain large Purcell factors. Experimental values of the Purcell factor in dielectric optical cavities are presently limited to ~75 [31, 59] . PCs, on the other hand, support strong field enhancements and a strongly modified LDOS, thus providing a flexible means for controlling the spontaneous emission rate of quantum emitters. Importantly, PCs open several decay routes for an emitter, and the Purcell factor is defined through the relative increase in the overall decay rate.
When an emitter is positioned adjacent to or within a PC under weak-coupling conditions, both excitation rate and emission rate are modified. First, the enhanced local field couples to the emitter and increases its excitation rate Γ exc . For this enhancement, overlap of the absorption spectrum of the emitter with the LSP band is required. The excitation enhancement is strongly dependent on the emitter dipole orientation relative to the electric field polarization direction of the PC. In the subsequent emission process, the presence of the PC alters the direct radiation channel of the emitter, which also requires spectral overlap of the emission and LSP spectra. The excited-state energy of the emitter can also be transferred to the metal in a process akin to Förster resonance energy transfer [60] . The energy is eventually dissipated in the metal (ohmic loss), though it can be emitted by the metal with a very low quantum efficiency. Coupling between dipole emitters and SPs may also modify the emission direction and polarization [51] [52] [53] [54] . The light emission from a quantum emitter can be steered in a specific direction in space by either using simple anisotropic plasmonic nanostructures that exhibit angular and polarization dependent SP resonances or by designing more complex, multicomponent plasmonic nanostructures, such as optical Yagi-Uda nanoantennas [61, 62] . This change in angular emission usually originates from energy transfer from the emitter to the resonant SP mode of the optical antenna with a specific emission angle distribution. The modification in the angular emission might affect the collection efficiency or in other words, the fraction of light collected by the microscope objective, especially for a low numerical aperture objective. Therefore, in order to quantitatively interpret PL intensity measurements, one needs to study the radiation pattern and collection efficiency.
A scheme indicating the various recombination channels of a QD near a plasmonic particle is shown in Figure  2C . Whether an overall enhancement or quenching is observed in the PL measurement of a given system is determined by the relative contribution of each of the above channels. Modification of the spontaneous emission rate, Γ c , which directly determines the Purcell factor, involves both changes in the radiative decay and the non-radiative decay. Consequently, extracting separate excitation and decay rates from time-dependent PL measurements is not straightforward. Semiconductor QDs enable more readily the separation of excitation and emission effects compared to organic molecules. Their absorption spectrum extends over a broad range, and it is simple to overlap it with the spectrum of plasmonic particles of various sizes and material systems. The emission spectrum, on the other hand, is narrow and well separated from the absorption.
Experimental efforts to measure the various photophysical processes involved in QD-PC interactions in the weak coupling regime are described next.
Plasmonic nanostructures and QDs: observing interactions
Studies of QD-PC composite systems in the weak coupling regime are numerous. Control of the emission of an ensemble of QDs was achieved by coupling them to various metallic structures, such as films [63] [64] [65] , nanostructured films [66] [67] [68] , plasmonic antenna structures [69] [70] [71] [72] [73] [74] [75] [76] , plasmonic rings [77] , metamaterials [78] , nanoslits [79] and more. As mentioned earlier, several aspects play an important role in determininig the measured photoluminscence, and these are the excitation and emission rates, as well as the radiation pattern. Some authors designed their experiment to measure excitation enhancement only and showed a moderate several-fold PL enhancement [63, 69] . However, the majority of published works aimed to achieve greater enhancement by overlapping QD emission with LSP spectra and therefore increasing the emission, or even a combination of excitation and emission. For instance, Song et al. [66] studied CdSe/ZnS QDs in contact with a periodic array of silver nanoparticles. They observed a spontaneous emission rate enhancement of 10 that, due to competition with nonradiative emission channels of the QD, led to an enhancement of the fluorescence intensity by up to ~50 folds. Brolo et al. [67] showed that the coupling of QDs to the SP modes of nanohole arrays created in a metal film that can yield an even larger PL enhancement of two orders of magnitude. As the PL decay rate manifested a Purcell factor of ~70 only, the authors suggested that enhancement of the excitation was also involved. Wang et al. [70] studied the time-resolved PL decay dynamics of QDs on an Au disk array. They showed that the coupled QD-SP system scatters strongly into a direction that is commensurate with the direction and polarization of the SP excitations. Hence, when the detection angle was aligned to this direction, the PL decay rate was accelerated. Belacel et al. [73] demonstrated experimentally the control of the radiation pattern of QDs deterministically positioned on a gold patch antenna. For certain locations within the antenna the emitters were shown to radiate in a highly directional pattern. They obtained Purcell factors ranging from 70 to 80. Ultra-strong Purcell factors were achieved by Hoang et al. [75] who studied a hybrid structure of a single silver nanocube separated by a thin polymer spacer layer containing QDs from a gold film. They showed a Purcell factor of 880 and simultaneously a 2300-fold enhancement in the total fluorescence intensity ( Figure 3A) . These enhancement values are the largest achieved so far with QDs. They were explained by the unique properties of the nanocube configuration; it maintains a large field enhancement of up to 200 folds and yields low non-radiative losses [82] . The nanocube exhibits also a highly directional radiation pattern, leading to a significant increase of the collection efficiency. This increase in collection efficiency is one of the factors that leads to such high measured fluorescence enhancements.
A similar configuration has been used earlier by the same authors to explore the Purcell enhancement with dye molecules [83] . When the emitters were resonant with the plasmon mode, the nanocube yielded a dramatic Purcell factor of 1000 with a spacer thickness of 8 nm and even 2000 with a thickness of 5 nm. Multiple investigations with dye molecules demonstrated ~1000-fold fluorescence intensity and radiative rate enhancements [84] [85] [86] [87] [88] [89] . Although these values have rarely been reached with QDs, these emitters possess several advantages over molecules, as mentioned already, including their higher photostability and larger oscillator strength, which facilitates attaining the single particle level.
Indeed, ever since the emergence of this field there were multiple attempts to control and study the PL of individual QDs, rather than an ensemble of particles [80, [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] . Early on, Shimizu et al. [90] studied the fluorescence behavior of single CdSe(ZnS) core-shell QDs interacting with a rough metal film. They found a significant reduction in the single QD exciton lifetimes (by a factor of ~1000), which enabled them to observe emission from both neutral and charged excitons and a complete conversion of the QD emission polarization to linear. Ratchford et al. [80] used atomic force microscopy (AFM) nanomanipulation to controllably position a single Au NP near a CdSe/ZnS QD ( Figure 3B ). They showed that the PL enhancement is moderate below a distance of 20 nm due to a significant contribution of nonradiative processes. They calculated a Purcell factor of up to 145 but a radiative decay rate enhancement of only ~8. Urena et al. [95] demonstrated a moderate PL enhancement as well, but showed that the antenna mode fully determines the radiation pattern of a single QD. When a QD is coupled to a dimer gap antenna, the radiation pattern changes dramatically and transforms to that of a linear dipole horizontally aligned along the antenna axis. This serves as evidence for the coupling between the QD and the antenna. Yuan et al. [97] used a similar configuration to that of Hoang et al. [75] , mentioned earlier, but studied a single QD. They showed that when the QD emission is coupled to a plasmonic gap mode, the radiative decay channels dominate and large Purcell factors of two orders of magnitude can be achieved. They also found that the BX emission quantum yields can be enhanced to a level which is comparable to the single excitons. Similar results were obtained by Matsuzaki et al. [104] , who controllably positioned an individual QD in the near field of gold nanocone antennas and enhanced the radiative decay rates of both monoexcitons and biexcitons by ~100 folds. Their finding that the monoexciton and biexciton emission rates are enhanced by about the same factor implied that their dipole orientations were similar to each other. To verify this hypothesis, they showed that the angular radiation patterns for the monoexciton and biexciton are similar. Takata et al. [103] also observed the involvement of higher excitonic states of a QD when they approached it with a silver-coated AFM tip. They recorded conversion from single-photon to multiphoton emission with a reduction of the emission lifetime as the QD-Tip distance decreased. The increased probability of emission from the BX state, a unique feature of QDs, was explained by quenching of the SX state due to resonance energy transfer to the tip.
Plasmonic nanostructures and QDs: towards potential applications
Recently, QD-PC composite systems in the weak coupling regime have been used to demonstrate unique features that can be very useful for faster, more compact optical devices. Here, we will mention a few of these results. SPP generation by individual emitters coupled to a metallic nanowire received much interest [81, 98, 105, 106] . The ability to create and control individual quanta of plasmonic excitations accompanied by guided radiation with subwavelength localization can pave the way to new optoelectronic devices, such as single-photon sources and transistors. In a pioneering work, Akimov et al. [81] showed that when a single CdSe QD is optically excited in close proximity to a silver nanowire, emission from the QD couples directly to guided SPs in the nanowire and generates single, quantized plasmons ( Figure 3C ). Li et al. [106] showed more recently that the quantum yield of SP formation for a single QD coupled to a nanowire can be optimized by varying the distance of the QD from the surface, reaching an impressive maximal yield of 21%. The angular radiation pattern of the QD changed significantly when coupled to the nanowire, showing a nearly symmetric pattern with respect to the nanowire axis. Similar nanowire configurations have also been used with molecules in order to perform SERS at a junction located remotely from the site of laser illumination [107] [108] [109] .
Curto et al. [62] demonstrated unidirectional emission by coupling a single QD to a more complex structure, a plasmonic Yagi-Uda antenna. Indeed, they found that the PL from their devices was strongly polarized and highly directed into a narrow forward angular cone. Unidirectional emission (which was also demonstrated with organic dyes [110] [111] [112] ) can provide a route to effectively communicate light to, from, and between nano-emitters.
Finally, Tang et al. [113] developed a plasmon-QD hybrid nanosystem with addressable emitters. They demonstrated selective far-field excitation and detection of two QDs coupled to a U-shaped gold nanostructure. The gold nanostructure functioned as a nanocavity to enhance emitter interactions and a nanoantenna to make the emitters selectively excitable and detectable. The authors were able to obtain emission from either QD interchangeably, with a Purcell factor of up to ~130 for each emitter.
The strong coupling regime
Significant advances in nanofabrication techniques have facilitated controlling parameters like spatial geometry and building block composition of hybrid systems combining emitters with plasmonic cavities. Thus, for example, it has become possible to reduce significantly the mode volumes of PCs, so as to achieve the strong coupling regime. Strong coupling between individual selfassembled QDs and dielectric cavities such as a photonic crystal-slab nanocavity [114] , a micropillar [115] or a microdisk [116] had been successfully demonstrated already some years ago. However, these experiments required cooling the system to liquid helium temperatures. Achieving strong coupling between an emitter and cavity at room temperature and with modest light sources is desirable for developing robust applications in quantum information technology. One approach is to use an ensemble of emitters in order to increase the coupling enough to reach the strong coupling regime under ambient conditions, as has been shown in a number of studies (e.g. [117] [118] [119] [120] ). As discussed in Section 2, PCs offer an alternative to these systems for realizing strong coupling at room temperature. Indeed, in recent years strong coupling has been explored with PCs using both ensembles of molecules and individual molecules [121] [122] [123] [124] [125] [126] . The endeavor to achieve strong coupling between the excitons of QDs and PCs, which is also gaining momentum rapidly, is the topic of this section of the review.
Theoretical investigations have delineated the conditions for realizing the strong coupling regime with QDs using different geometries of metal nanostructures. In an early contribution, Chang et al. [127] theoretically described a method for achieving strong coupling between individual emitters (QDs) and the SPPs of a conducting nanowire or a metallic nanotip at optical frequencies. They showed that it is possible to direct the optical emission almost entirely into the plasmon modes. Later, Truegler and Hohenester [128] showed using the boundary-element method that the strong coupling regime can also be observed between a single quantum emitter, such as a molecule or colloidal quantum dot, and a metal nanoparticle, which should be detected in the fluorescence spectrum via splitting of the emission peak. More recently, it was predicted by Savasta et al. [129] , using scattering calculations, that strong coupling can be achieved by placing a QD in a cavity formed by two metallic nanoparticles. These theoretical studies (and others [130] [131] [132] ) forecasted the unprecedented observation of strong coupling with individual QD emitters at room temperature. Before moving to the various experimental realizations of these predictions, let us dwell a bit more on the minimal model required to understand the interaction between an emitter and a cavity in the strong coupling regime.
Underlying physics
When quantum emitters are strongly coupled to an optical cavity, the wave functions of the emitters and cavity mix together. A simple model to describe strong coupling takes into account two coupled harmonic oscillators, whose properties are then obtained using either a classical, a semiclassical, or a quantum approach [133] . The full quantum mechanical approach usually starts with the Jaynes-Cummings (JC) Hamiltonian [134] . In the case of a single two-level QD interacting with a cavity mode in the limit of negligible dissipation, this Hamiltonian is written as follows:
Here, a † and a are the field creation and annihilation operators, respectively, of the cavity mode with energy ω c . σ z , σ + and σ − are Pauli matrices that represent the energies of the ground and excited states and generate transitions between them, respectively. At resonance, the eigenstates and eigenvalues of the JC Hamiltonian are given by
where n ph is the number of photons in the cavity, |g, n ph + 1〉 is a state with the emitter in the ground state and n ph + 1 photons in the cavity, while |e, n ph 〉 is a state with the emitter in the excited state and n ph photons in the cavity. Now the energy difference between the two levels can be written as
Thus, in order to increase the coupling strength so as to overcome the dissipative broadening of both cavity (γ) and emitter (Γ), the cavity mode volume (V eff ) should be made smaller and the emitter should be of large oscillator strength f. Another important fact to note from equation (6) is that the two energy levels split even in the absence of any photon. This phenomenon is called vacuum Rabi splitting: the vacuum state of the electromagnetic field couples with the electronic transition of the emitter. In case of multiple (N) emitters, the Rabi splitting scales with N [50] . A schematic illustration of Rabi splitting is shown in Figure 4A .
In fact, the electronic structure of N two-level systems coupled to a PC is a bit more complex. Overall, N + 1 collective states are generated, out of which only two (termed P + and P -) are bright, while the remaining N-1 are collective dark states. Thus, the wavefunction of the hybrid state can be delocalized over N QDs within the mode volume, leading to the possibility of modifying electronic and energy transport of the QDs. Another characteristic of the coupled QD-plasmon systems is the dispersive nature of the photonic component. Anticrossing is observed in dispersion curves at the intersection of the nondispersive emitter band and the dispersive optical component ( Figure 4B ). The Rabi splitting is defined as the minimum energy gap between the anitcrossing curves. The lifetimes of the P + and P -states depend on the relaxation times of the plasmon and emitter modes. As the photon lifetime in a plasmonic cavity is very short (~50 fs), it is expected that the lifetime of the hybrid states will not be much longer.
(But see Wang et al. [135] for a different result.)
Experimental realization
We start our discussion of experiments observing strong coupling in QD-PC systems with studies involving an ensemble of QDs. Gomez et al. [136] [137] [138] [126] .
strong coupling between a film of QDs and an SPP mode using angle-dependent reflectivity measurements in the Kretschmann-Raether configuration at room temperature. In their initial work [136] , the QDs were spin-coated onto a thermally evaporated silver film on a cover slip, which was then attached to a right-angle glass prism using an index matching oil. P-polarized white light was coupled at a range of angles of incidence to tune the plasmon excitations in and out of resonance with the excitons of the QDs and demonstrate QD-plasmon interaction. The observed dispersion curve was fitted using the coupled oscillator model, and a Rabi splitting of 112 meV was extracted. In subsequent works, they also investigated the dynamic aspects of this interaction along with the effect of tuning the QD sizes [137, 138] . In another experiment involving an ensemble of emitters, Wang et al. [135] investigated the dynamics of strong coupling between CdSe QDs and the plasmons of a subwavelength gold nanohole array using steady-state spectroscopic methods as well as transient absorption measurements. In this work, holes were drilled in a 200 nm thick gold film using a focused ion beam. This was then followed by drop casting CdSe QDs onto the nanohole array. A large Rabi splitting of 220 meV was demonstrated. The lifetime of the QDs in the strong coupling regime was found to be only slightly shorter than the lifetime of bare CdSe QDs. As already noted, the lifetime of the dressed state is governed by fast decay mechanism, i.e. the damping time of the plasmon mode, which is of the order of fs. This expectation was not obeyed here, and this anomaly was attributed to a phonon bottleneck effect but requires further investigation.
Santhosh et al. [139] made the first attempt to realize strong coupling with individual QDs. They lithographically fabricated silver bowtie cavities and integrated them with QDs to observe vacuum Rabi splitting at room temperature. The maximum Rabi splitting achieved for a single QD was 176 meV ( Figure 5A ). For the case with two QDs, the [139] . (D) PL spectra of a QD coupled to a plasmonic nanoresonator exhibiting a Rabi doublet due to the involvement of both neutral and charged excitions. Inset: SEM image of the nanoresonator fabricated at the apex of a scanning probe tip (scale bar, 100 nm). (E) Scattering spectra (blue) and PL spectra (green) of a plasmon-emitter system showing Rabi splitting. Inset: SEM images of the plasmon-emitter system. The QD is indicated by an arrow. Panels (D) & (E) are reprinted with permission from Groß et al. [140] and Leng et al. [141] , respectively.
observed Rabi splitting was 288 meV. They also measured the variation of the coupling strength with increasing gap between the prisms of the bowties and showed that it compared favorably with numerical calculations (Figure 5B,C) . This work has given momentum to studies involving single QDs. Indeed, Groß et al. [140] demonstrated strong coupling between a single QD and a plasmonic nanoresonator fabricated at the tip of a scanning probe ( Figure 5D ). This setup allowed precise control over the position of the cavity with respect to the QD, and hence tuning and optimization of the coupling strength. Four peaks were found in the emission spectra of the coupled QD-PC systems, and were attributed to coupling of both the neutral and charged excited states to the plasmons, with Rabi splitting values of 220 and 88 meV, respectively. The most recent contribution to studies of single QD coupling comes from Leng et al. [141] . These authors created a gap plasmon mode between a gold nanoparticle and a silver film, and positioned a QD there. A Rabi splitting as high as 230 meV was observed ( Figure 5E ). Clearly the strength of observed coupling with single QDs is increasing as fundamental understanding and device fabrication techniques are both improving.
Conclusion and outlook
Over the last years, novel experimental and theoretical studies of exciton-plasmon coupling involving QDs have resulted in deeper understanding of light-matter interactions at subwavelength scales. In this paper, we have attempted to provide a rather comprehensive review of these experimental and theoretical investigations along with a conceptual introduction to this exciting and growing field. Novel nanophotonic devices based on quantum plasmonics have been successfully designed to demonstrate weak and strong coupling between QDs and PCs. Figure 6 summarizes these achievements by positioning many of them on a continuous scale of coupling strength, g, starting from weak coupling and reaching strong coupling.
These experiments hold great potential for multiple future applications. Enhanced fluorescence intensity, a phenomenon which characterizes the weak coupling regime, is of merit in many applications involving fluorophores, such as sensing [36] and imaging [142] , solar cells [143] , light-emitting devices [144] , lasers [145] , single-photon Illustration of the range of coupling strengths, g, obtained from published work discussed in the review. The red numbers refer to the reference list. g values in the strong coupling regime were calculated as half of the Rabi splitting in observed spectra. The rest of the g values were calculated according to Hugall et al. [5] . Illustration figures are reprinted with permission from: Rakovich et al. [77] (copyright 2015), Ratchford et al. [80] (copyright 2011), Cohen-Hoshen [96] (copyright 2012) and Takata et al. [103] (copyright 2016), American Chemical Society. Ji et al. [101] is reprinted with permission from Springer Nature copyright 2015. Urena et al. [95] is reprinted from John Wiley and Sons, Advanced Materials, copyright 2012. Other figures are reprinted with permission from Hoang et al. [75] , Tang et al. [113] , Santhosh et al. [139] , Groß et al. [140] and Leng et al. [141] .
sources [146] and advanced optical communication devices [127] . One needs to understand the balance of the different contributions to the P signal and control light absorption and emission separately for optimal performance in the context of a specific application. For example, enhanced light absorption is the only desirable mechanism for thinfilm solar cells [147] and photochemical reactions [148] . In contrast, in an electrically pumped organic light-emitting diode, maximizing the radiative decay rate is essential without regard to the absorption [149] .
Multiple novel phenomena may also be demonstrated with QD-PC hybrid systems operating in the strong coupling regime. For example, light sources operating at the single photon level might be realized, and may not only be important from the fundamental quantum optics point of view but also in many advanced applications, such as quantum information processing [115] , low threshold lasers [150] and more. Strong emitter-plasmon interactions will facilitate the realization of additional quantum optical devices such as optical switches at the single photon level [7] .
Before concluding, we would like to discuss briefly a direction of research that is likely to be probed in the near future, and was so far only discussed theoretically [151] [152] [153] , namely the quantum entanglement of two or more QDs within a PC. In the strong coupling regime, there is a periodic exchange of energy between the QD and the SP. If two spatially separated QDs are strongly coupled individually with the plasmons, it is possible that the two QDs will also be coupled, leading to quantum entanglement between them. Hensen et al. [151] used quantum dynamics calculations to demonstrate that two quantum emitters separated by more than 1.6 μm can be strongly coupled via a plasmon mode and quantum entanglement can be established on a short time scale of about 100 fs. Aeschlimann et al. [152] designed a plasmonic structure with two selectively addressable PCs position in the foci of an elliptical plasmonic resonator so that they are separated by ~twice their excitation wavelength. They demonstrated ultrafast long-range energy transfer between the two nanoatnennas and suggested that this scheme is suitable for coupling spatially separated quantum emitters positioned on them. It will be fascinating to observe experimentally the quantum entanglement between emitters using strong exciton-plasmon coupling in QD-PC devices.
